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INTRODUCTION
Metallic foam is a class of materials with novel mechanical, thermal, electrical and acoustic properties that are, as of yet, imperfectly developed and characterized [1, 2] . Metallic foams and foam sandwich structures possess increasing use, e.g. as a lightweight structural members in automotive industry [3] , space applications [4] , heat exchangers [5] , fluid filters and catalyst supports [6] . This leads to production of difference metallic foams such as aluminum [7] [8] [9] , nickel [10, 11] , steel [12] [13] [14] , titanium [15 ,16] , etc. Aluminum foam is a type of metallic foam that can offer a unique combination of several (apparently contradictory) properties, which cannot be obtained with conventional materials (e.g., ultra-low density, high stiffness, the ability to absorb crash energy, low thermal conductivity, low magnetic permeability, and good vibration damping) [17, 18] . Due to their ultra-low density combined with their excellent mechanical properties, aluminum foams have roused much interest [19] . In combination with new constructional principles, aluminum foams could replace conventional stamped steel parts and lead to significant weight reductions. In the aerospace industry, finding solutions to reduce the weight of planes is an intense topic of study that will mean less required fuel and lower costs. Clearly, using aluminum foams can, not only bring huge economic benefits, but can also save many resources and energy if aluminum foams can successfully be applied to aircraft manufacturing [20] . Currently, aluminum foams can be manufactured in a variety of ways, such as solid-gas eutectic solidification, casting [21, 22] , powder metallurgy routes [17, 23] and space holder technique [24] . In terms of existing techniques and new technologies to produce aluminum foam sandwiches (AFS) [25, 26] , it is difficult to attain large aluminum foam products and complicated structures which are key obstacles in expanding the real applications of aluminum foams. One alternative is to join aluminum foams with other foams to form an integrated structure, or other materials like sheets in sandwich panels, in which welding and industrial adhesives are the primary methods used. However, because of the characteristics of the fusion welding process itself, the collapse of the foam structure is unavoidable. Additionally, welding with pressure, such as ultrasonic torsion welding, pressure welding, and diffusion welding will likely cause unacceptable deformation. A collapsed foam structure and deformation will have significantly negative effects on the mechanical properties of aluminum foams [20] . Bonding by adhesives [27] [28] [29] [30] [31] [32] or solders or even mechanical fasteners [27, 33] have been used in most metal honeycomb and sandwich panels' structures. In this case, the bonding strength of adhesives dominates the mechanical properties of the honeycomb structures [34] . Though the adhesive bonding process is superior for low temperature applications, the expansion in the high temperature region is limited [35, 36] . Also other joining techniques were studied, like spark plasma sintering [37] , diffusion bonding [35] , soldering [20] , and brazing [10] .
As is mentioned, one of the foam production routes is powder metallurgical sintering. Al foams have been successfully made by sintering and dissolution process (SDP) solid state sintering. It has long been known that the formation of a liquid phase during sintering can significantly accelerate mass transport due to the formation of transient liquid phase [38] . Liquid phase sintering has become a more universally applied process and over 70 % of sintered products in the powder metallurgy industry are manufactured by this route [2, 39] .
So the purpose of this research work is to study the feasibility of using as a foam production route, liquid phase sinteringas the joining process of aluminum foam to aluminum metal in aluminum foam core sandwiches and optimizing the bonding strength.
MATERIALS AND METHODS
During this investigation, closed-cell aluminum foam was used, which was produced by the blowing agent method at Net Foam Co. in Mashhad, Iran. The chemical composition of the foam was Al-Si, and the porosity was approximately 85%. These foam blocks were cut to dimensions 50mm×25mm×10mm by wire cut. The commercial pure aluminum plate was used and was cut to dimensions 50mm×25mm×1mm. Based on data in the literature [40, 41] Al-Zn system was chosen to be added to assembly as a powder interlayer. Three types of aluminum-zinc mixture powder were used. The weight percents of mixtures are shown in Table 1 . These mixtures were weighted by high accurate digital scale and were prepared by mechanical mixing. The used raw powders are listed below:  Air atomized aluminum (Al) powder, with 99.7% purity and average particle size of 60μm supplied by Merck  Zinc, Zn, with 99.6% purity and maximum size of 100μm supplied by Merck  Magnesium, Mg, with 99.8% purity and maximum particle size of 50μm supplied by Merck  Copper, Cu, with 99.0% purity and maximum particle size of 50μm supplied by Merck Before sintering process, surface preparation treatment was applied to remove the oxide layer from the boding surfaces of foams and plates. First, the joining surface of the plates was ground by brush, and the joining surfaces of foams were ground by SiC abrasion paper and then both were washed in acetone in an ultrasonic apparatus for 10 minutes.
After preparing the bonding surfaces, the mixtures of powders were spread on them and the whole assemblies were sintered at 610 o C for 30 minutes nominal in flowing inert atmosphere (N 2 -99.99% purity-flow rate 2 min -1 ) in a tube furnace. The schematic of the process is shown in Figure 1 . A minimum of three samples were tested for each powder interlayer to ensure data reproducibility. The micro-structural and chemical compositions of the joints were examined using a Scanning Electron Microscope (SEM) equipped with an Energy Dispersive Spectrometer (EDS). The joints were sectioned across the interface zone for studying the micro-structural characterization. The 3-point bending test was performed, schematically shown in Figure 2 , to determine the bonding strength of the joints by using a universal testing machine at room temperature [42, 43] . [42] .
RESULTS AND DISCUSSION
First usual step of examination of welded or joined parts is visual testing. The macroscopic overviews of the bonded joints, which are shown in Figure 3 , were conducted through visual observation. Unlike the other joining processes like fusion welding, pressure welding and diffusion bonding [20] , no visible macroscopic deformation and foam structure collapse can be observed in the macroscopic image of joints. Just thickness decrease in the upper bonding surface was seen, which was due to the pressure, which was applied during the liquid phase sintering for improving Al powder sintering. Sintering of aluminum is complicated due to the presence of a thermodynamically stable oxide layer (Al 2 The Al-Zn system, which is presented in Figure 4 , shows some of the characteristics of an ideal liquid phase sintering system where zinc has a lower melting point than aluminum; no intermediate phases form and there is complete miscibility in the liquid [41] . However, the solid solubility ratio is non-ideal. The maximum solid solubility of zinc in aluminum is 83.1%, while the maximum solid solubility of aluminum in zinc is 1.2%. The liquid phase during sintering of Al with Zn is therefore highly transient and sintering of Al-Zn alloys is an extremely sensitive process. Furthermore, the liquid must wet the solid and give a high diffusion rate for the solid. Wet-ability and spreading of liquid are two important factors. Capillary forces which are caused from the superficial porosities in the foam are the important factor that guide towards formation of a dense, uniform and continues bonding layer in joining treatments, which include a transient liquid phase, like liquid phase sintering and soldering. According to the phase diagram of Al-Zn, Al-Mg and Al-Cu [44] , the alloying elements react with Al to form a eutectic liquid at 381, 450 and 548 o C respectively. Beside these eutectics, Martin et al. [45] have reported the formation of a liquid between Mg 17 Al 12 at about 437 o C. In other words, contact between adjacent particles of Mg and Al could cause low melting phases. Also, in Figure 5 , a bonding layer can be observed in some regions of the bonding interface which directly confirms a satisfactory wetting process, but partial spreading of the liquids. This partial spreading of liquid phase is due to the superficial porosity on the bonding surface of Al foam, which was acting like a barrier to the spreading of liquid phase. In SE microscopic images of the joints shown in Figure 5 ; a narrow foam zone which was formed during liquid phase sintering can be observed, which is avoiding the sharp variation of the bulk material to cellular material. The high vapour pressure of Zn also gives a rise to additional porosity at the interface. This can improve the mechanical properties of the joint. The results of 3-point bending test confirmed this claim.
The joining process during sandwich fabrication is a most difficult process, which requires strict quality control. In addition, the failure modes of sandwich panels, which are categorized into face yielding and fracture, core shear and crimping, face wrinkling and dimpling, and overall buckling, are closely related to adhesion characteristics between the face and core of the sandwich structures [28] . For measuring shear strength of the joint, 3-point bending test was applied to the samples and equation 1 was used to calculate the bonding strength [42] . The bending strain curves are shown in Figure 6 . The bonding strengths of the joints are presented in Table 2 .
( 1 ) where,  is considered as the bonding strength, P is total load, c is core thickness, which is constant (10mm) and w is the width of the panel. These curves are extensive, which indicates a high absorbing energy material. This is due to the absence of intermetallic compound formation during joining in Al-mixture powders. All samples have shown elastic behaviour at small strains, but AZM has more formability than the other samples before the yield point, also after that, the samples are work hardened during application of the load, and failure was observed only on the bottom surface, which is under tensile stress. From the results of Table 2 , it is obvious that AZM has the higher bonding strength.
The fracture surfaces were studied with SEM microscopy. In Figure 7 , the liquid phase was clear and was shown in the picture. The fracture surface obtained from 3-point bending test samples gives a good reference to the corresponding properties achieved, in consequence, of pore elimination with formation of liquid phase. It is obvious that the amount of the liquid phase, which was formed during the sintering was not enough in AZMC, and this lack of the liquid phase in AZMC is caused the lower bonding strength of the joint due to the pores. Also the presence of the Cu powder into the interlayer powder mixture and the diffusion of that during the sintering partially compensate the lack of the liquid phase. It is clearly visible that the first indication of liquid phase formation is found in presence of additive Zn powder in the samples. Evidently, the aluminum grains have been surrounded by a light phase which is the trace of the liquid phase. When comparing the fracture surfaces of samples sintered with different additive powders, it is clear that the AZM exhibits the more solidified liquid phase than AZ. But the AZMC exhibits less and inadequate liquid phase which is a main reason of low bonding strength of AZMC in comparison with other samples. The fracture surface of AZM differs from AZ insofar as the aluminum powder particles are no more visible than AZ, which can be regarded as an indicator for sufficient liquid phase formation and spreading along aluminum inter particle regions. An interesting variant to traditional liquid phase sintering involves a transient liquid which solidifies by diffusional homogenization during sintering. The transient liquid forms between mixed ingredients during heating to the sintering temperature. Unlike persistent liquid phase sintering, the liquid has a high solubility in the solid and disappears with sintering time. By studying the EDS diagram of samples, Figure 8 , 9 and 10, it is obvious that Zn powder diffused to the foam and plate uniformly. This uniform diffusion of Zn powder is because of the miscibility of Zn in Al (83.1%), and indicates that Zn played its role well enough to produce liquid phase and spread through the interface. Furthermore, Cu powders have the same condition in AZMC, which is shown in Figure 10 . However, the variations of the Mg ( Figure 9 ) and Si are interesting at the interface. The source of Si is the impurity in the initial composition of the Al foam. The diffusion of Si is due to the eutectic of Al-Si, which was formed at 577 o C. The presence of liquid phase of Si above this temperature, prepared the persistent liquid phase during sintering, which helped to diffuse particles and form metallurgical bonding at the interfaces. The liquid of Si is viscous; thus it helps to spread the liquid phase along the bonding surface. By comparison of diagrams, it can be concluded that the amount of the elements which diffused to the interface in AZM is more than in the two other samples. And also by comparison of the variation of Mg in diagrams (Figure 9 and 10) , it can be concluded that the liquid phase in AZM was steadier than the liquid phase in AZ and AZMC, which were prepared to diffuse more elements of the bonding region.
CONCLUSION
The joining of the Al foam to the plate was done successfully through the liquid phase sintering using the Al mixture powders as an interlayer. The bonding strength was about 9 kPa for sample Al-Zn-Mg mixture powder and 4.8 kPa for Al-Zn and 4 kPa Al-ZnMg-Cu. The amount of the liquid phase in Al-Zn-Mg-Cu sample was not enough and caused the lower bonding strength. From the EDS diagrams and the amount of the diffused powders, it is obvious that the better conditions were prepared during the sintering when Al-Zn-Mg powders were used, and both Zn and Mg particles had played their role well during the sintering process. Zn particles prepared enough liquid phase and Mg particles prevented oxidizing the Al particles. Also the SEM images of fracture surfaces confirmed that the amount of liquid phases was not enough in AZMC, which was caused by the nonequilibrium heating and retarted the formation of eutectic liquid phases and the expected influence of Cu particles, increasing the joint strength, was not observed. Also the diffusion of Si was observed in samples which is due to the initial composition of the Al-foam and melting point of eutectic Al-Si.
